Members of the nuclear receptor (NR) superfamily of ligand-regulated transcription factors play important roles in reproduction, development, and physiology. In humans, genetic mutations in NRs are causes of rare diseases, while hormones and drugs that target NRs are in widespread therapeutic use. The present issue of the JCI includes a series of Review articles focused on specific NRs and their wide range of biological functions. Here I reflect on the past, present, and potential future highlights of research on the NR superfamily.
Perspective
The nuclear receptor (NR) field was born in the mid 1980s, when the molecular cloning of several hormone receptors led to the realization that they share a common structure. Their cognate hormones, including sex steroids, glucocorticoids, thyroid hormone, and vitamin D metabolites, were previously studied by independent fields that did not interact except under the umbrella of endocrinology. Indeed, the existence and function of these hormones was mainly known only through the gain or loss of function of discrete endocrine glands that make and secrete them into the bloodstream. In humans, excess or deficiency of these hormones constitutes life-threatening conditions, and the ability to cure these diseases by administration of the hormone or ablation of the gland represented one of the first tangible advances of the scientific era of medicine that began at the turn of the 20th century. Indeed, in the 1896 edition of The Principles and Practice of Medicine, Sir William Osler, founder of the Association of American Physicians (the sister organization of the American Society of Clinical Investigation, publisher of the JCI), declared: "That we can restore to life the hopeless victims of myxedema is a triumph of experimental medicine" (1) . Such discoveries spurred the proliferation of societies devoted to a specific hormone or hormone-producing gland, each representing a medical specialty or field of its own. Parallel studies of the mechanisms of action of these hormones, particularly estrogen, led to the concept that they acted through specific receptors to regulate the transcription of genes (2) (3) (4) (5) . This was a huge advance but begged the identification of the molecular receptors for hormones that acted in this way, and there was little recognition that there could be a common mechanism by which multiple hormones functioned in this fashion.
NR gene clones reveal functional similarities
Our understanding of the molecular mechanisms underlying hormone activity changed radically in 1985, when the genes encoding the receptors for glucocorticoids and estrogen were first identified by molecular cloning (6, 7) . The predicted structures were very similar and soon thereafter were found to also be related to that of the receptor for thyroid hormone (8, 9) . With these findings, the concept of a highly related family of nuclear hormone receptors was established. Soon after, structurally related molecules, termed orphan receptors, were discovered and the NR superfamily was born (10) . This superfamily, now established to comprised 48 members in humans, became the subject of intense investigation not just in the silos of fields studying specific hormones, but rather as a class of proteins, with the goal of identifying mechanisms of action common to the group.
For quite a few years, major discoveries in the NR field highlighted conserved features of the receptor molecules. Almost immediately it was realized that the receptors were made up of specific domains that carried out the functions of DNA binding, hormone binding, and transcriptional activation. These domains had been biochemically characterized for the glucocorticoid receptor (11) , and molecular cloning not only established their amino acid sequences but also revealed that the domains were modular and self-sufficient, such that swapping the hormone-binding regions of the receptors for glucocorticoids and retinoic acid resulted in chimeric receptors whose hormone and DNA-binding specificity was dictated by the cognate domain controlling each of these functions (12, 13) . X-ray crystallographic studies revealed that the DNA-binding domains of different receptors are nearly superimposable in three dimensions (14, 15) . Perhaps more surprising, although the ligand-binding domains are less well conserved at the amino acid level and bind their structurally diverse hormones with high specificity, their three-dimensional structures were also remarkably similar, consisting of 12 well-conserved α-helices (16) (17) (18) . Features common to most NRs extend to the molecules with which they functionally interact, including specific DNA sequences recognized by the DNA-binding domain as well as ligand-binding domain interactions with numerous protein co-regulators (19) , several of which underlie ligand-dependent activation (20, 21) and basal repression (22, 23) of gene transcription. Remarkably, although coactivators and corepressors exert opposite effects on transcriptional output, they utilize similar mechanisms to recognize liganded and unliganded NRs, respectively (24) .
Members of the nuclear receptor (NR) superfamily of ligand-regulated transcription factors play important roles in reproduction, development, and physiology. In humans, genetic mutations in NRs are causes of rare diseases, while hormones and drugs that target NRs are in widespread therapeutic use. The present issue of the JCI includes a series of Review articles focused on specific NRs and their wide range of biological functions. Here I reflect on the past, present, and potential future highlights of research on the NR superfamily.
Maturing of the nuclear receptor family Mitchell A. Lazar supercede the inherent DNA-binding specificity of each individual NR; thus, they cannot be predicted simply from the structure and in vitro properties of the NR.
NR tissue and disease specificity reveal functional diversity
The ability to manipulate the mouse genome, in combination with sophisticated phenotyping methodologies, has sparked a return to studying the biological functions of NRs and signaling molecules that regulate them. Different NRs have been discovered to have fundamentally distinct actions in reproduction, development, and physiology, and in disease states, more often than not in a tissue-specific manner that cannot be predicted from encyclopedic knowledge of the genome sequence and/or receptor sequence and structure. Individual NR functions occur in concert with many other molecules that have important regulatory roles in these biological systems. To understand the role of a given NR, it is as important to understand the system as it is to know what the NR can do based on its structure; knowledge of the behavior of another NR is less transitive. As a result, the most exciting current NR biology is less about what the receptors have in common than it is about their specific functions in diverse biological systems. NR investigators focus on specific aspects of a given NR in different tissues and different diseases ranging from cancer to diabetes to neurodegeneration. For example, to understand the hormone dependence of cancer it is as important study the biology of the cancer cell as it is to study the structure and properties of the hormone receptor.
Due to the tissue and disease specificity of NR function, there has been a diaspora, with NR science being brought to meetings devoted to specific diseases, and fewer meetings devoted to the NR superfamily per se. Moreover, there are fewer review articles written about the NR superfamily and more about the complex biological functions of specific NRs, as typified by the special series of articles in this issue of the JCI. I hope that the readers of this exciting series recognize that the remarkable level of depth With so much similarity among the NRs, there was much to learn about a given receptor from the properties it shared with other receptors, and investigators with interest in specific NRs increasingly came together at international meetings devoted to the structure and functions of the NR superfamily. It was known that different hormones regulated different genes with different biological consequences, leading to an exciting dialectic in which discoveries of general properties were followed by discoveries of the principles that generate NR specificity (Figure 1 ). For example, the steroid receptors (except estrogen receptors) recognize different hexameric core sequences in DNA than non-steroid receptors; this characteristic can be attributed to specific regions of the DNA-binding domain (25) . Many of the non-steroid NRs heterodimerize with a member of the retinoid X receptor family, with differing specificity based on the spacing of the core DNA sequences (26) . Moreover, since a distinguishing feature of NRs is their regulation by hormones and related lipophilic molecules, orphan members of the superfamily that did not bind classical hormones were systematically "adopted" as they were discovered to be receptors for metabolites with previously unknown signaling mechanisms, with exciting implications for regulatory biology and cellular signaling (27) . Now that the genome is sequenced we can be fairly confident that there are no more human NRs waiting to be discovered. An increasing number of the 48 we know of have now been assigned to regulatory ligands, and the pace of discovery of new ligands has slowed. The number of potential co-regulators, particularly coactivators, has expanded, and there is less excitement about finding a new co-regulator than there is about understanding the functions and relative importance of the ones we know about. The knowledge of genome sequences, coupled with next-generation DNA sequencing and advances in computational biology, have led to the recognition that NRs bind at thousands of genomic locations in a given cell, together termed the "cistrome" (28) . Cistromes are cell type and signal specific and are governed by factors that Figure 1 . Progress in the NR field. Important discoveries are noted relevant to one another in terms of time as well as whether the discovery was a general feature of NRs (blue) or specific to only one or a few NRs (pink). LBD, ligand-binding domain; DBD, DNA-binding domain. 
Future directions
What is to become of the field that studies the NR superfamily? There may be a clue from the history of science. The term "vitamine" was coined in 1912 by Casimir Funk as a condensation of "vital" and "amine" (29) , and it encompasses the dietary micronutrients required for life, which are divided into water-soluble and fat-soluble categories. The first fat-soluble vitamin was discovered in 1913, by E.V. McCollum and Marguerite Davis, who named it vitamin A with the expectation that many more vitamins would be discovered and named alphabetically (30) . Indeed, 12 additional vitamins were discovered in the subsequent three decades. This was an exciting time for this field, but the most recent discovery was that of vitamin B 12 in 1948. The functional study of individual vitamins remained an active area of research, and indeed vitamin A (also known as retinol or β-carotene) has turned out to be a precursor of retinoic acid, the powerful morphogen and drug treatment for acne and acute promyelocytic leukemia, which is a ligand for a NR. Science marches on, and the study of NRs will continue to inform us about biology and drive advances in medicine. Indeed, approx-
